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‘SUMMARY

A device based on an adaptation of the Christopherson
tube is investigated for the lubricetion and other effects
‘of employing a polymer melt as the lubricant during the wire
drawing process, The device 1is heated to convert the polymer
feed into a viscous melt and the pressure required is generated
by a hydrodynamic action produced by the motion of the wire.

On the basis of experimental evidence, it is apparent
that deformation commences before the wire reaches the die,
in the Christopherson tube itself, with the die effectively
acting only as a seal., Under these conditions, the die
geometry becomes of secondary importance and the deformation
actually takes place as if an effective die of continuously
changing die angle is being used. To take this aspect of the
‘process into account, a mathematically described effective
die shape is used in the present analysis. The plsstic strain
hardening properties and the strain rate sensitivity of the
wire material are also incorporated into the analysis.

The study utilises an empirical expression relating
shear stress and rate of shear together with an experimentally
~derived pressure coefficient of viscosity, in determining the
coat thickness possible on the wire., The theory contains the
effect of a limiting value to the shear stress, which exhibits
itself as slip in the polymer. An alternative theory is also
presented which assumes that shear stress is zero at the
polymer/tube interface. This much simplified anzslysis allows
the length of the deformation zone to be determinecd.

An extensive series of experimental studies have shown
that the coat thickness reduces both as speed increases and
as the wire materisl strength increases. Predictions of coat
thickness from the anslysis tend to be lower than those
obtained experimentally. At low drawing speeds a coat defect
was observed which gave the coated wire a "bamboo'" shape.

It is probable that this defect is caused by the slip-stick
nature of the polymer melt in the Christopherson tube. The
assumed die shape and predicted pressure distributions are
verified by experiment.



NOTATION

a’b,c,A,Bﬁ,Ci-C'] 0000000 €O Constal’lts

L esesscoeoce Fraction of Christopherson tube
. at which deformation commences
' meagsured from the die

C

D cesssesssees Wire diameter at any point
: ' during deformation

h esessesses Radial gap between wire and
Christopherson tube

hy - "eeeceesses Polymer coat thicﬁness

k .....}.... Polymer constant of shear

K cesvsssncse Strain hafdening constant

L ceccesense Leﬂgth of Christopherson tube

and die unit

LCT _ '........;. Length of Chrlstopherson tube
in which wire remains und@Lo“med

n | , eseovcocen Strain hardening index

N vevssesess MNaterial constant

.P | " esesecsces Pressure

Q esceseeses Volumetric flow rate of polymer
melt per unit length of
circumference of wire

S | eececeeess Dynamic/static stress ratio

T | ecsecssesss Material constant

U - 4........¢. Wire speed ahead of die

Uq ceesescsss Wire speed after drawing

Us ‘ sessecsess Wire speed at commencement of

slip
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CHAPTER 1.  INTRODUCTION.

1,1 The Wire Drawing Process.

The wire drawiné proceés involves pulling a length

of metal wire (usually circular in cross section) through a
tapered die, in ofder to obtain a_reducéd wire diameter of

a specific size whilst improving surface guality, obtaining
the desired metallurgical properties and maintéining a high
reproducibility of the product. These are generally achieved
with the wire unheated (cold drawn)vand hence deformation

' loads are high, making efficient lubrication essential.
Traditionally, there are two basic methods of lubrication

in wire drawing; wet and dry, which differ as regards
preparation of wire, lubrication and design of machine. Wet
wire drawing 1s generally conducted on wires of diameter’léss
than 0.46mm (26 s.w.g.). The dies are totally submerged in
a solution of soap in water. Boundary lubrication is the
operating regime, producing a highly polished @rawn wire,

Dry drawing is used on wires and rods of diameter above O.46mm,
Here the lubricant is usually a powdered calcium or sodium
stearate soap. The dry soap compound is placed in a box,
through which the wire passes immediately before entry to

the die. To assist pick-up of soap from these boxess, the
wife is often coat with either lime or borax in a treztment
prior to drawing. The lubrication regime in this case hes

H
been termed "quasi-hydrodynamic"i, since thc soap film

* Numbers as superscripts refer to references which may be

found in Chapter 10.



thickness produced on the drawn wire is greater than that

which would be expected from boundary lubrication, but less

than those for hydrodynamic lubrication.

These methods have been used almost exclusively for
many years, but evidence is growing that they may be reaching
fhe limit of their development, and consequently, other ways

of lubricating the wire are being investigated.

1.2 Historical Background of the Christopherson Tube.

The wire drawing process, although basically a simple
forming operation, needs to achieve many objectives if it
is. to be used efficiently in production. These may be

summarised as follows:-

a) High drawing speeds whilst maintaining wire quality

b) High reductions in area per pass

c) Improved dissipation of heat from the wire and hence

low wire temperature
d) An improved surface finish and clean wire

e) Reduction in cost by;
i) Reduced drawing times
ii) Elimination of pre-drawing treatments
iii) Reduction of. the number of interpass heat treatments
iv) Reduction of down time due to changing dies because

of excessive wear.



In the past, the wire drawing process had been
régarded as an art where die angles and reductions and the
lubricant specificatidn were arrived at mainly through trial
and error, ' More recently, however, attémpts have been made
to introduce a more theoretical background to the process.
This deeper understanding makes it possible to introduce new
techniques which, hopefully, allow the aims of increased
production to be met. Wistreich® had established that an
increase in wire drawing speed éhould be possible if the die
friction could be reduced. One way of achieving this would
be to increase the die angle, but this would causé an increase
 in redundant deformation, increasing the rise in temperature
of the drawﬁ wire, The surface_temperature of the wire is
required to be kept to a minimum in order to prevent a
deterioration in the surface qualityﬁand'metallurgical

pfoperties of the wire,

In 1955, Christopherson and Naylor3 presented a paper
which showed a method of reducing friction in wire drawing
| by hydrodynamic lubrication. It had been assumed that
friction in conventional wire drawing was of a boundary
nature and that a change of mode to hydrodynamic lubrication
éhould greatly reduce friction. The device used by
Chriétopherson and Naylor was based upon an idea suggested
in 1943 by Maclellan and Camerdn4. This device, now called
the Christopherson tube, consisted of a long tube filled
with lubricant, through which the wire passed beforé entry
to the die, and sealed to the approach side of the die,
Barly efforts were zimed at producing hydrodynamic’ lubrication

using oil, since the rheology of oil was well known, but it

3



was quickly realised that many prob;ems were inherent in its
use., These were the necessity to have long inlet tubes

(up to 0.8m) and very small wire clearances (0.04 - 0,05mm
on radius). It was also necessary to provide a "leader"

“to the full size wire to encourage fléw to start (see Fig 1).
Even then a finite length of wire would remain unlubricated
at start up, before sufficient pressure was generated to
prpmote hydrodynémic lubrication. Since o0il is a poor
bdundary lubricant, die wear ana seizure were inherent
probiems at start up. These problems were largely overcome
by returning to the traditional dry soap lubrication. This
enabled the Christopherson tube to be shortened and since
soap 1s a very good boundary lubricant, start up was no
longer a problem, These ideas led to the design of the
BISRA dry soap nozzless. (Fig 2). The main limitation of .
these designs seeméd to be the deterioration of the lubricating
ﬁroperties of soap when its moisture content is high. Other
ideas have stemmed from the desire to have a thick film
lubricated die. The most notable of these aré the hydrostatic
die unit and the éouble die system. In the hydrostatic die,
the lubricant (usually oil) is externally pressurised and
.fed to the wire in a chamber between an "ironing" die which
acts as a seal and the die proper® {(Fig 3). Subsequently

if was found that the ironing die produced more problems

of die wear than the simple single die systeh. ‘This was
because the ironing die reduced the wire by a small amount
(around 5%) under poorly lubricated conditions. This_

system also required'the use of a pump capable of producing
very high pressures. The double die system seecmed to offer

a better solution. Here two dies with a sealed chamber

I



between them are used’. The approach die has a diameter the
same as the nominal size of the undrawn wire (Fig 4). Soap
coﬁpounds are used as the lubriCant.A'This system has received
much favour in the USSR vwhere it is claimed that one of

.these units increased die life by 500% and mill output by up

to 53%, while electric power consumption was reduced by L8%8

1.3 Polymer Melt as a Lubricant.

The use of solid polymers as a lubricant is not a
new concept; it has been used successfully in cold deep
drawing for many yesrs, However, the use of polymer melts

"as a lubricant has not been exploited to the same extent.

There are many important differences in the rheology
of molten polymérs when compared to conventional lubricants
such as o0il. The most obvious of these 1is the very high
viscosity of polymer melts at temperatures which would
preclude the use of oil as a lubricant. It is also well
known that the viscosity of polymer melts is reduced ﬁhen
thé melt is subjected to Sheér stress (ie. it is shear
thinning). Above a certain level of shear stress a discén—
tinuity in flow has been observed for certain polymers®. An
increase in hydrostatic pressure increases the viscosity of
the polymer melt®®, These rheological effects and their

consequences are discussed in detail in Chapter 2.
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1.t Scope of the Present Work.

The applicaﬁion of the Christopherson tube in the
present work was ofiginally conceived in order to overcome
the difficulties associated with using soap or oil as the
Jubricant and to provide an alternative lubricating system
which would have very different characteristics tc those
currently in use. It was thought that since the viscosity
of polymer melts appeared io be considerably -greater than
that of oil, and that they did not suffer from moisture
absorption as did soap, they would provide an ideal andvnovel
solution to the problem., In addition, if the polymer could
be made to bond successfully to the wire, it could be used
to protect the wire against corrosion in storage and to
lubricate subsequent forming operations such as bending or
cold heading. Initial research®?»3%*! ghowed that certain

limitations were present:-

a) At very low drawing'Speeds the coated surface of the wire
exhibited a "bamboo" effect causing the wire itself to be

of varying diameter.

b) The coating adhesion was not as good as was hoped but
this was improved by-increasing the wire temperature
'relative to the-polymef temperature. ‘This uhfortunately
led to a decrease in coat thickness and increased the

bulk temperature of the wire.

¢) As drawing speed was increased, the coat thickness was

reduced.

d) The dimensional and operating resirictions on the



- Christopherson tube were not reduced as much as was thought

possible.

e) The wire was ineffectively lubricated at start up causing

wire fracture in realistic operating conditions.

Stevenst? produced a computer aided solution for the
design of a Cﬂfistopherson tube-die unit for specified
bpefating conditions. He used a simplified theory based on
the assumption that the polymer melt viscosity remained
constant with respect to pressure and shear stress, employing

the concept of apparent viscosity.

The principal objectives of the present study are:-

a) To improve the analytical solutions presented earlier by

including both pressure and shear components of viscosity.

b) To consider in detail the deformation.process and to
include into the analysis the effects of strain hardening

and strain rate sensitivity of the wire material.

¢c) To verify, or otherwise, any theory with extensive

practical tests.

d) To investigate the performance of a hydrostatic/hydro-
dynamic system of lubricatién and other means of improving

the process in order to make it more acceptable to industry.



CHAPTER 2, -THE RHEQLOGY OF POLYMER MELTS,.

2.7 Introduction.

- Polymers are unlike most materials in that they are
composed of very long molecular chains., Bonding betweeh the
chains is either'by cross-linking, as in thermosetting |
polymers, or by molecular attraction_(Van‘der Waals forces)
between the chains, as in thermoplastic polymers. Normally,
the chains are randomly orientated, but if stress is applied,
the chains would firstiy straighten out and then, as further
: étress“is applied, the;bonds 3§tween the chains would be
broken., The straightening out of the chains is partially
recoverable, causing the polymer to act elastically. The
breaking of the bonds enable flow to occur. The flow
charactéristiés of polymer melts are very different to those
of conventiohal Jubricants such és oil., In this chapter,
discussions are made of thege characteristics and their

effects in relation to the present application.

2.2 The Effect of Témperature on Viscositye.

An increase in the temperature of a molten polymer
decreases viscosity by varying extents, dependant upon the
type of polymer, as shown in Fig 5. The slope of the curve
is eguivalent to the activation energy for viscous flow.
Increases of temperature have a méré drastic effect on
polymers having a higher activation energy than those.with

10



lower activation energies. Polyethylene,'which is the most
non—polar of the materials snown, has a very low activation
energy because the forces between the chains are very small.
If the curves of viscosity versus the reciprocal of the absolute
temperature are plotted over a wider range of absolute
temperature than shown, there would be a pronounced curvature
to the straight line relationship. Dienes!?® believed that
this is caused by a decrease in the order of the molecules
as the temperature is raised (ie. the molecular structure
becomes more random). Viscous flow involves configurational
change of the molecules, so that the more random they are,
the easier it is to change this configuration. Hence, the

~ energy required for a viscosity change will be less at high

temperatures than at low temperétures.

The polymer used for most of the experimental test in
the present study was Alkathene WG 23 - a low density
polyethylene of 0.913 specifiic density. Results of
temperaturé versus viscosity from an extrusion rheometer
for this polymer are shown in Fig 6. This curve by itself
is not a complete picture since the viscosity measurements
refer to zero shear stress. It is necessary with polymer
melts to include the effects 6f shear stress on viscosity

together with the effects of changes in temperature,

2.3' The Effects of Shear Stress aﬁdbstrain on Viscosity.

It is widely -accepted that polymer melts exhibit very
non-Newtonian flow characteristics. As increasing shear
stress is applied, the viscosity of most polymers is reduced.

11



This is best illﬁstrated in graphical form as shown in Fig 7.
This graph shows the results obtained for Alkathene WVG 23
ffom.a'capillary rheometer. A non-linear relationship is

seen to exist between shear étress and shear rate (a Newtonian
fluid woﬁld be a straight line passing through zero). "The
viscosity of the melt can be obtained from the tangent to the
‘curve at any point. Fig 8 shows the same data drawn in
another form, where viscosity may be read off directly from
known temperature and shear stress or shear rate values; (For
a Newtonian fluid this curve would be a horizontal straight

line).

Certain polymer'melts are known to have flow
. discontinuities at high shear rates and shear stress values.
A critical shear stress value for a polymer may be defined

as the one after which flow tends to be irregular.

2.3.1 Critical Shear Stress.

In polymer extrusion, melt flow instability exhibits
itself in many forms such asé a regular helix éf wavelength
comparable with the diameter, a zig-zag in one plane or
irregular convolutioné and may finally become fragmented.

The terms melt fracture, elastic turbulence and distortion
have been used to describe this effect, however, the mechanism
is not similar either to fracture in a solid>or to Reynolds

turbulence.

This phenomenon has been investigated by a number of

~18

13 . .
workers™: and there is general agreement on the following

12



points:-~

a)

The instability sets in at a critical value of shesr
stress ( Ta ) calculated at the die wall; this value is

independant of the die length, radius etc,

Ta~ has a value in the region of 10°-10° MNm~2for most

commercial polymers.
Ta does not vary widely with temperature.

Many workerst® 15 1% 18 £qung a discontinuity in the
slope of the viscosity-shear stress curve at the critical

shear stress, though this has been disputed.

The flow defect is often associated with the die inlet
although some workers!® have witnessed the occurrence of
the same defect during extrusion from a long cylindrical

tube - that is without a die entry.

Several theories have been proposed to account for

this defect., First in the field was Nason®® followed by

Westover and Maxwell®®, all of whom ascribed the effects to
conventional turbulence. However, Tordellal® demonstrated
Athat the Reynolds nuﬁber at the inception of the irregularities

were many orders of magnitude lower than the value of 2000

which has been found generally'applicable even to non-Newtonian

systems. Spencer and Dillon** pointed out that the melt,
highly orientated in the die caﬁillary, must'relax to a
distorted stéte ét the die exit and suggested that this
caused the buckling of the extrudate. However; cine films
of the die entry by Tordella®®, Clegg®® and Bagley and Birks®?!
have shown that extrudate distortion is closely associated

13



with a disturbance in the flow pattern at the die entry.
Léter studies by Benbow and Lamb*® showed that the locus

of origin of disturbance was at the die wall, where the
shear stresses are the highest. They concluded that the
melt fracture was caused by the slip-stick action of the
melt against the metal die. To date, no conclusive evidence
has been submitted to fully identify the mechanism involved
and very little theoretical work has been published on the

phenomenon.,

2.3.2  Sharkskin. -

Another defect, often mistakenly called melt fracture,
is the surface irregularity called "Sharkskin" or "Mattness".
This is characterised by a serieé of ridges perpendicular to
the flow direction and has been distinguished from melt |

fracture for the following reasons:-

a) Sharkskin has a perpendicular distortion whereas melt

- fracture is often helical or irregular.
b) Sharkskin can occur at lower extrusion rates.

¢) Sharkskin appears unaffected by die entry and L/D ratio
of the die or material of the die. Clegg'® has reported

that there was a slight improvement with shorter die lands.

Sharkskin appears to be a surface effect, one
explanation being offered by reference to Fig 9 (after

Brydson®2)., On emerging from the die, the velocity distri-
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bution changes in nature so that acceleration of the outer
layers occur. For a viscous material, this is not difficult,
but where a substantial elastic component is present, tensile
forces are built up at or near the surface. Eventually, |
these forces exceed the tensile strength of the melt and the

surface tears to release the stresses,

2.k, The Effect of Pressure on Viscosity.

The éffect'of hydrostatic pressure on the apparent
viscosity and other floﬁ properties of polymer melts is not
-as well understood as the effects of temperature and shear
rate. Maxwell and Jung®® demonstrated that the effects of
hydrostatic pressure on the apparent viscosity of branched
polyethylene and polystyrene at constant shear stress and
temperature aré appreciable and should not be neglected.

© was able to measure the apparent viscosity of

Westover?
several polymeric materials between atmospheric pressure and
fhat of 172 MNm~2? at fixed temperature and shear stress.

He showed, for example, that the apparent viscoéity of a
polyethylene increased by a factor of five when the hydrostatic
pressure was changed from 13 MNm~2 to 172 MNm—2., His

appératus was,s@ecialiy desigried and was rather complicated
and expensive, but Choi24 attempted to measure the effects

of pressure on viscosity with much simplified apparatus.,.

.His results were comparable with those cbtained by other
workers. Cogswell?®® suggested that the effesct of an increese
in pressure may be likened to that due to a'drOp in temperature,

He observed that Tor low density polyethylene, an increase

15



in pressure of 1000 bar had the same effect on viscosity as
that: due to a drop in temperature of 5300 within the melt

range.

It had been noted that at very high pressures (above
140 MNm™2) the melt tended to recrystallise and in consequence,
the melt acted like a solid plug®®. For this reason, pressure-
viscosity measurements are often conducted at.reiatively high

temperatures.

Since the work carried out by Westover appears to be
the most comprehensive, his results are used in the present
work to determine ﬁhe pressure éoefficient of viscosity.
"Fig 10 shows the effects of pressure alone on viscosity.
Fig 11 shows how pressure affects viscosity together with

changing shear stress and shear rate.

2.5 The Effects of the Polymer Flow Characteristics.

In the'present application the polymer is subjected
to very high shear stresses and pressures which are much
greater than those capable of being investigated in any
existing rheometer. It is believed that the critical shear
stress is reached at very low drawing speeds giving a
reduction in coat thickness as spéed is increased. The melt
flow instability and sharkskin are believed to be possible
causes for the bamboo effect present at iow drawing speeds.
The‘high pressures'generatéd'are believed to have the effect
of increasing the melt viscosity in the Christopherson tube.

Temperature was maintained at a steady value when the tesis

16



were conducted, minimising the effects inherent with changing
temperature. Tests at different temperatures were conducted
to show the effects of such changes. All of.the above

effects are discussed in detail in Chapter 8.
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CHAPTER %, DESIGN, DEVELQPMENT AND CONSTRUCTION OF THE

TEST EQUIPHENT.,

The apparatus used in the initial festé was the same
one as used by Stevens'!. In the light of inéreasing
experience on this apparatus, various modifications were
undertaken to improve both the ease at which readings could
be taken and the safety aspect of the draw bench, Further
modifications were planned and executed at a later stage in
order to investigate the different parameters in more dctail.
Final modifications to the rig were designed to improve the

process itself.

3.1 Description of the Existing Equipment.

The apparatus used for the initial tests was the one
designed by Stevens'? for a previous investigation. A full

description of this equipment is given below.

The drawing bénch, of the bull block type, was powered
by a Shrage 3-phase electric motor (type BTH 18/l;.5hp VSC. )
capable of running at speeds infinitely vapiable between 550
and 2200 revolutions per minute. The power was passed from
the motor to the bull block via a flexible tyre coupling
(Fenner ¥80), a 10:1 reduction worm gear (Croft type 41,/551/05)
and a coupling clutch (Broadbent type DP25) which enabled
the bull block to be engaged when the motor was running at
the required speed and so enabled a quick build up to full

speed. Two interchangable bull blocks, of sizes 305mm

23



diameter and 100mm diameter, were used, giving a speed range

infinitely variable between 0.25 ms™? to 3.5 ms™*.

The drawing speed was measured using a tachogenerator
(servo products type SA 7L4OA/7) connected to a digital
voltmeter. The drawing 16ad was measured by attaching strain
gauges on to the die fetainihg plate which was designed to
flex during drawing. This system was calibrated in situ
using static loads to give a direct reédout on a Sangmo
direct reading trénsducer meter (type C52). The polymer
was heated by an electric band heater and the temperature
controlled thermostatically to within iBOC of the set
temperature and measured using a thermocouple connected to

a digital meter. -

The Christopherson tube/die unit was designed to allow
it to be heated or cooled as‘experiments dictated. The
heater and the controller used were the same as for the
polymer, When cooling was required, a water jacket could be
fitted and water circulated from a large tank using a standard
washing machine pump. This enabled the Christopherson tube
to be kept as low as 10°C above ambient temperature when

‘separated from the polymer reservoir by a 6émm asbestos disc.

The components described above were mounted on a
suitably stiffened bench of welded steel éonstruction, and

all moving parts were adequately guarded.

The Christopherson tube/die unit consisted of a
polymer melt reservoir, Christopherson tube and die, held
together with three socket headed cap screws as shown in
Fig 12. A copper seal was incorporated between the die and

the Christopherson tube to prevent leakage. This assembly

2l
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was located in a vee on the drawing bench, being retained
in the direction of drawing by means of the load plate

described previously.

This rig allowed readings of drawing speed, load and
temperature to be taken. It was quickly realised that
certain modifications were necessary to improve experimental

procedure.

3.2 Modifications to the Experimental rig.

It was impractical with the existing rig to conduct
tests on wire longer than four metres since no feed
mechanism was present (the wire was simply laid out on the
1aborafory floor), The laboratory door had to be kept locked
dur%ng drawing to stop people inadvertently stepping onfo the
fast moving wire, Visits‘to local wire manufacturers and
reference to wife journals assisted the design of the feed

mechanisme.
The objectives of the design were:-

a) To be simple in operation.
b) To be inexpensive.
c) To operate at wire speeds of up to 3.5 ms™?t,

d) To take up little floor space.

Various types of mechanism were considered. The
resulting design appeared to meet all of the objectives at
the minimum cost. The wire coil would be placed at the side
of the drawing bench, fhus using little floor space. A
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weighted ring placed over the coil would straighten out and
restrain the wire enough-to prevent it becoming entangled.
Gﬁides and a pulley wheel would turn the wire through a right
angle so that a horizontal feed to the Christopherson tube
could be achieved. Fig 13 and Plates 1 and 2 show the final
form of the feed mechanism which worked faultlessly for the

.majority Of_the tests.

The addition of an ultra-violet recorder (UV) to the
lcad cell allowed detailed investigations of the variations
in drawing load to be undertaken., An extensive series of

tests were conducted with the rig in this'modified form.

Further modificgtions became necessary as the tests

' proceeded. It was decided that the pressure inside.the
Christopherson tube must be measured, This was originally
attempted by using a spring loaded plunger Which would be
raised by the melt préssure as shown in Fig 14, This unit
was manufactured, but the fit between the piston and its
bore could not be made accurately enough to ensure a perfect
seal without having frictional losses. This method was
abandoned in preference to others. The most promising of
these appeared to be in the use of-commercially available
piezo~electric pressure transducers. The maximum pressure
that these transducers could meaéure (5000 bar) precluded
the drawing of high strength wires, but since most of the
tests had been conducﬁed on copper, itAwas decided to
incorporate this method, A.Christophersoh tube was designed
and manufactured to incorporate three pressure transducers
(Kistler type 6203) as shown in Fig 15 and.Plate 3. This

method was successful, although the measured pressures were

27



MODIFIED POLYMER INJECTOR

PNEUMATIC CYLINDERS
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not as high as was assumed. At this stage of deveiopment it
was decided to run tests at very slow speeds to investigate
further the "bamboo" effect which occurred at the lower
drawing speeds. The small bull block was reduced in size to

. 50mm diameter and using an adaptof 100mm diameter, the original

size was retained (see Fig 16 and Plates 4 and 5).

3.3 Hydrostatic Rig.

When tests had been performed under industrial
conditions, the wire was‘unlubricated at staft up causing
die wear and fracture. It had been assumed that these were
a result of the lack of lubrication before the hydrodynamic
pressure had been generated. To overcome this, it was decided
to - attempt to pressurise the polymer outside the‘Christopherson
tube and feed it into the tube at a pressure sufficient to
cause immediate yielding of the wire at the die. This was to
be achieved whilst retaining the hydrodynamic capabilities’
- of the Christopherson tube. Measurements of pressure had
shown the pressure gradient in the tube and estimates of the
eguipmeht required could be made., Various considerations

were examined:—b

a) Would a seal be nééessary on the inlet side?

b) How would the polymer be pressurised? .

c) What would prevent the polymer from being forced iﬁto
the compressor oncé the hydrodynamic pressure had been
developed?

d) How would the drawing 1oad be measured?
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A simple calculation showed that a pressure of around
1000 bar could be maintained before significant leakage
could occur through the inlet side of the Christopherson

tube and so a seal would not be reguired.

There are two basic methods of pressurising polymer
in use in injectors; screw injectors and straightforward
compreSsion injectors. A screw injector would require a
motorised drive to cause a rotation of the screw and also
some form of direct force to cauée it to be driven into'the
cylinder, A simple ihjector would only require a direct
force. A few enquiries revealed -that a simple ihjector was
available in the department for no cost and so it was decided
to incorporate this unit into ths design. Some method of
forcing the piston into the injector cylinder was réquired.
The best way appeared to be either.pneumatic dr hydraulic,
and since compressed air was available, pneumatic power was
chosen., A choice of air cylinder was now required. This
necessitated a knowledge of the pressure required to be
developed by the polymer, It wés consideréd that a pressure
of 50C bar injected at a -suitable entry point in the Christ-
ophersén tube should be suffiéient for the purposes. Since
only5.5bar (80 psi) was available on line, a'faifly large
pneumatic cylinder was required if 500 bar was to generated
directly. (The injector was 25.4mm diameter and would
therefore require a direct_force of approximately 2.54 x 10* I
or a cylinder of 254mm diameter (10") for this to be achieved).
There were also problems of where to put such a large cylinder,
since the space on the drawing bench was very restficted.
Two 100mm diameter (L") pneumatic cylinders became available,

so the design proceeded using these as motive power. The

0
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the cylinders had a 150mm (6") strokeand in consequence, were
00 long to be mounted next to the Christopherson tube., The
10gi¢al place for these appeafed to be below the bench., A
simple crank arrangement allowed the injector to be mounted
horigzontally. Since the two 100mm diameter cylinders were
not equivalent to a single 254mm diameter one,.a mechanical
advantage of three was required on the crank. This allowed

a movement of '50mm at the pisﬁon. A few simple calculations
were performed to find the‘required thickness of the‘crank

and the diameter of the pivot pins.

It was realised that the pressure develdped hydro-
statically would be.less than that developed hydrodynamically
and that some form of non-return valve would be reguired to
prevent leakage of pressure from the Christopherscn tube to
the injector, once drawing had commenced. A simple ball
valve was designed to be fitted into the Christopherson tukte

at the injection point.

It was not feaéible with this new equipment to measure
the draﬁing load by means of the load plate as before since
it was necessary to clamp fhe Christopherson tube. Therefore,
a sﬁrain gauge bridge was constructed on a specially reduced
paft of the bull block shaft. This necessitated the use of
mercury cell transmitters from the gauges on the reotating
shaft to the recording instruments. The transmitter used was
a Vibro-meter Sa type 4UMTA/T. This unit allowed the speed
of rotation of thé bull block ﬁo be measured by the use of a
magnetic sensor fitted into the body of the transmitter. The
output from the gauges was fed, via the transmitter, to the
UV recorder énd the output from the magnetic sensor passed

through an amplifier and then to a digital counter which,

3l



when calibrated, gave a visual indication of the drawing

\speed.

A detail drawing of each component was produced and
the equipmeﬁt was manuféctured. No special manufacturing
technigues were necessary. A.general arrangement drawing of
the équipmeht’is shown in Fig ﬁ8. Fig 16 shows the modified
bull block and_Fig 17 shows the new Christopherson tube unit

with non-return valve. Plates 2, L4, 6 and 7 show the final

‘form of the equipment.
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CHAPTER L. TEST - -PROCEDURE AND RESULTS FROM THE TESTS.,

The following chapter explains the experimental
procedure used in the tests and highlights any areas which
created unusual problems. The results from the tests are

presented here in graphical form for convenience., Appendix V

contains a catalogue of the most important results in tabular

form.,

4.1 Test Procedures.

- The test procedure varied as the experimental
equipment was modified. Two sets of test procedure were
adopted; one for the basic hydfodynamic‘rig and the other
when an extefnally pressure aided equipment was used. These

will be described in detail.

L1, Test Procedure Adopted for the Hydrodyhamic Rig.

Before test runs could be conducted, a short length
of wire needed to be swagéd down to below the diameter of
the‘die SO that it coﬁld be pushed through the die énd
attached to the bull block. Having done this, the coil of
wire was placed in the feed mechanism and fed through as
described. The guards were placed in position. The polymer

melt chamber wgs filled with the appropriate amount of

W
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polymer and the temperature set on the thermostat. The
“heater band, thermostat and instrumentation were switched

on, The polymer was quickly meltea, but the Christopherson
tube required at léaSt one hour to reach a steady temperature
(two thermocouples.gave the temperature gradiént in the
Christopherson tube). After the‘one hour soaking period,
temperature stability was achieved and‘tests were allowed to
préceed. The motor was started and set running at the desired
speed ( the motor speed was adjuétable‘by altering the
position of the commutator brushes). - The ultfa-Violet

' recorder paper was.sét in motionband the clutch engaged;

"The load and'pfessure readings were recorded by the UV
recorder, which left only drawing speed and temﬁerature to be
noted. Se#eral metres of wire were drawn. The speed was
then changed and the test procedure repcated until all the
tests had been conducted, or the wire coil had been expended.
(several very long runs were conducted to investigate any
changes in the measured parameters as time progressed). It
waé now necessarj to measure the coat thickness (if any)
produced on the wire. This was done by the weight loss
method. The drawn wire -was removed from the bull block and
'separated into individual runs. Four sampleé of wire (zbout
200mm long) were removed from the length of wire and placed
in marked envelopés. Each of these were later cut in half,
one piece being weighed,‘stripped of polymer and reweighed.
The remaining piece could bebuSed for subsequent tests if

- necessary and prbvided evidende of the coat present. Since
the density of the polymer was known and the length and
diameter of the piece of wire could be easily measured, the
thickness of the polymer coat could be calculated. The

average thickness was calculated from the four éamples taken

40



and used in the results. A qualitative assessment of coating
adhesion and coat quality was made whilst removing the coat
during weighing. The UV'recofder gave values of pressure at
three points along the Christopherson tube'as the drawing
progréssed, together with the variations.in drawing load.

The average value of each was taken and noted with the other
information on the test sheet. A typical trace from the UV
recorder is included as Fig 19. Experiﬁents were conducted

as above on three types of wire; copper, 18/8 stainless steel
‘and 60/65 carbon steel. The wire used was 1.62mm diameter in
all cases. A change in reduction of area wés achieved by

using different die sizes. Three sizes were investigated;
1.58, 1.49 and 1.37mm diameter giving 5%, 15% and 30% reductions
in area respectively. A 12° inclusive die angle was used on |
all dies. .Several polymers were‘tried but Alkathene WVG 23

was used for most of the tests,

L4L.1.2 Problems Encountered with the Hydrodynamic Rig.

Few problems were met during operation of the apparatus
after initial modifications had been undertaken. The most
significant problem was that of the die seal. After a long
series of tests on 60/65 carbon steel wire, the copper seal
became extruded through the gap formed by the dié and the
Christopherson tube, causing leakage of pressure. Several
new seals of varying hardness and size were made and tried,
but the problem still remained. A change ffbm copper to

aluminium alloy for the seal proved to be successful. After
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initial runs the aluminium seal had bedded down and become

work hardened. Extrusion of the seal no longer occurred.

Problems were encountered using the pressure transducers.
It was thought that the readings were much lower than was
actually occurring.‘ An estimate of pressure had been made
assuming the pressure at the dié end was close to the yield
stress of the wire. Several efforts to improve the validity
of the results were tried. The transducers were placed as‘
close as possible to the bore of.the Christopherson tube,
but the results were.still the séme. (This was done to
reduce the effécts of dompressibility of the melt around the
transducer). Results Were taken with the Christopherson tube
- in this condition. Later theoretical work showed that the

pressure was not as high as was first thought.

The first two metres of wire from the first run after
cleaning out the die were uncoated. This was because the |
Christopherson tube and seal area‘were not filled with polymer
after cleaning and required a finite length of time to be
filled with polymer by ﬁeans of the incoming wire. Subsequent
runs required about 300mm of wire to build up enough pressure
to encourage hydrodynamic action., It was this lack of coat
and the subsequent lack of lubrication that had caused
problems when full scale plant trials had been undertaken
previously. In order to improve the start up, it was decided
to attempt t6 preséuriée the polymer melt externally and feed
this pressurised polymer into the Christopherson tube at a
suitable entry point, prior to drawing. As mentioned in
Chapter 3, modifications to the apparatus were undertaken.

This new rig required a different test procedure.
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Leo1.3 Test Procedure Adopted for the Pressure Assisted

Apparatﬁs.

The wire was1fed through the Christopherson tube and
the die to the bull block as previously described. Water was
supplied to the cooling band around the feed cylinder. The
feed cylinder and polymer melt chamber were filled with
polymer and the heater bands were switched on.‘ All.recording
instruments were switched on. One hour was allowed for the
apparatus to reach a steady temperatufe. The temperatufe
of the feed cylinder thermostat was set at 20°C aeove that
~of the melt chamber to allow for the heatllosses that may
have occurred between the feed cylinder and the Christopherson
tube. When a steady temperature had been achieved; the motor
was started and set running at the.desifed speed., The UV
recorder paper was set in motion and compressed air supplied
to the feed cylinder arrangement. A short period was allowed
for the pressure to become fully developed and the clutch |
was then engaged. The alr pressure to the feed cylinder was

then removed and the tests proceeded as before.

Pressure was measured at only one position in the
Christopherson tube in the area around the seal (position L
in Fig 17). The pressure generated by the feed cylinder
was also monitored. The load reading was‘taken from strain
gauges attached to the bull block shafi having been
transmitted to the display instruments by'the mercury cells
fastened to the end of the bull block shaft as described in

Chapter 3.
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Lot Problems Encountered with the Pressure Assisted Rig.

The pressure assisted Christopherson tube had the
desired effect of reducing the uncoated length of the wire
at start up, howevér, it is felt that this reduction could
have been greater than was achieved. ' The polymer feed cylinder
was calculated to give a pressure of 50 MNm—2 at the
Christopherson tube. The losses were much higher than

-2

- anticipated. A pressure of>20 MNm was measured by the

pressure transducer placed in the end plate of the cylinder.

The bench reQuifed stiffening in highly stressed
- areas to prevent the whole bedplate from bending. Before
stiffening, the top of the mounting bracket to which the
Christopherson tube was attached moved visibly by 10mm as

the pressure was applied.

It was found that insulation was required between
the Christophefson tube and the retaining bracket to which
it was attached. Without the insulation, heat was conducted
from the Christopherson tube .to the bracket, causing the
temperature of the Christopherson tube to be too low for the
-polymer to remain moelten. A 3mm thick asbestos plate
sandwiched between the Christopherson tube and the bracket

cured this problem.

The load readings from the strain gauges on the bull
block shaft were not as accurate as was hoped, since an
oscillation in the readings was present. The pitch of an

oscillation corresponded to one revolution of the bull block.
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All efforts were made to alleviate this effect but these
were unsuccessful, and consequently, only readings of average

drawing load were possible with this apparatus.

.2 Determinatioﬁ of the YieldFCharactePistics of the Wire.

Compression tests were conducted on the wires using
a Hounsfield Tensometer. Very small samples (1.5 diameters
: long) were cut from the wire coil and subjected to compression.
The platens of the compression tester were lubricated in an
attempt to obtain homogeneous compression. Readings of load
.vand extension were obtainedvat close interval throughout
the tests. These readings were converted to true stress and
natural strain values knowing the initial length and diameter
of the wire and assuming constant volume and no "barrelling"

of the sample'had occurred during compression, ie:-

True Stress ¢ = L4W. h where: W = load
2

7tdo” ho do = original

diameter

ho = original

height
h = height
when loszd
is W
Natural Strain € = 1n(ho)
| (h )

The results from the compression tests on copper wire

were obtained on the basis of several tests and the results
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are shown as Fig 20, A number of simple tensile tests showed
that the initial yield peint of the copper wire was around
100 MNm‘Q, so an average stress-strain curve was drawn through

' this point as shown in Fig 20,

The compression tests for 18/8 stainless steel and
60/65 carbon steel produced the curves as shown in Figs 21 and

22 respectively.,

The stress-strain characteristics were assumed to

-take the form:-

Y =Yoo+ Ke™ where Yo = initial
yield stress

€ = naturesl
strain

n = strein index

K constant

These were shown to be:-

For copper wire — Y = (1 x 10%)+(3.41 x 10%) €°25

For 18/8 stainless steel wire -

Y = (3.4 x 10%)+(16.3 x 108 ) €°73

For 60/65 carbon steel wire -

Y = (12 x 10®)+(7.2 x 108 ) €3S
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